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Q^UY K^fNKTH HKDUBRG,  MORTON  E. JONR.; AM. VRRMFI SCIKIMAKIR 

^*^r-'"* fllD CkiLI IN LABORATORIES Or CHKHISTRY.* CALIFORNIA lsrrm.TB ilf TSCH- 
j- -    I, NuUmV, I'AiA^S'.A, CAUKIMNIA 

^^ J    f ^\ Communic*to<i by Linui rWlins. |ur..- 2, '.W£ 

^^f. vui^e pvntaboreiie, UjH«, i« one of the boron hydrides, a short, compara- 
tively 1'ttle studied sej-K"; of extraordinary compounds for whict; a satis- 
factory elementary valence theory is lacking In 1047 wc decided to under 
take new electron diffraction studies of the molecular structures The 
e-irly diffraction work and .;jost of the theoretical disciissio" *'?H He*>r. too 
much influenced (it now seems) by tmforcur.r.te analogies to ordinary 
valence compounds, and it had become reasonably cicur that at least the 
old. ethanc-J'ke structuit for diborane vas incorrect md that a bridge 
structure (1) was more likely.    It; the case of B»Hi, also, the structure from 

H       H       K 

V-V 
/\ 

II / H 
(I) 

the previous dittraction study'- wiu .!oi in v^tu^Utc u^rcc^cr! ""fi the 
appearance of the photographs, one of which was available to us. The 
bridge structure of diborane has now been well established,* the crystal 
structure of decahorane (P:cH:«) has been determined 8 and the B»H« 
Structure has been determined, both from the gas diffraction pattern in the 
work here to be described * and from an x-iay study of the cry slid by Dul- 
magc and Lipscomb.* The most impressive attempt i>t a theory of the 
compositions and structures, however—Pitzer's protonated double bond 
theory,* which based the slmcturcs of all the boron hydrides on diborane 
bridges and on some p!au«ibly assumed conjugt ion properties of these 
bridges—has been a casualty: each of the new boron hydride structures has 
shown little over-al! relation to the previous ones and neither involves 
the diborane bridge. 

The Structure Determination.—The method used has been outlined in 
recent reports from this laboratory.* 

New photographs were taken with samples kindly provided by Professor 
H. I. Schlesinger of the University of Chicago and by Doctor I. Shapiro 
of the Naval Ordnance Test Station, Pasadena. Tl»e camera distance wa» 
10.94 cm and the electron wpvc-length 0.0608 A. Independent visual 
interpretations of the photographs were made by two observers (see Fig. 1). 

The radial distribution curves, showing only two strong peaks, at 1.74 A. 
(B—B) and 2.57 A. (B B and B- • -H), exclude both the s':«?ct.jre ad- 
vocated in the original study1 (II) and that proposed by Pitzer* (III): 

Sf 
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II would rcqutt' signif.eant B- - 11 interactions at 1.74 \/- "- 2.4H A. and 
at '). X 1.74 sin KCi:' 'j. - .'1.22 A at leas: if it were normally rigid, and III 
ai an average of 2 X 1.7 I sin 10N° 2 <• 2.N'.' A. (The original specifJcut:cT. 
of III would ;.ls:< r.Minirt the 1.74 -Y. peak to be obviously doubled.) The 
rndiol distribution curves did not lead directly to the structure, mainly 
because neither the relative arens of the widely *^parated main peaks nor 
the indicated absence of minor interactions outside them could be relied 
upon. 

Nevertheless, the radial distribution information provided u starting 
point for a move detailed analysis of the visual curves themselves This 
analysis first showed that the observed doubled character of maximum &-10 
requires two groups of B— B interactions, of about equal weight, separated 
by 0.11 ± 0.01 A. Even then, the outer part of the observed intensity 
curve, including max. 9-10, could not be reproduced without st/erely 
restricting the distribution of weights and distances within the 2.57 A. 
radial distribution peak, either by making the distribution essentially 
continuous (corresponding to severe "tc-mpcra'ure" factors) or in other 
ways which, given the B — B split, were fairly obvious. Finally, when this 
was done on the assumption that the 2.57 A. peak WAS due mainly to rigid 
B- • B interactions, it appeared that the B—H terras were probably also 
split, by about 0.15 A. into two groups of about equal weight. Corre- 
sponding to this distance information three unsyrametrical arrangements of 
the boron atoms, a puckered five-membeicd ring, a dimethylcyclopropane- 
like arrangement, and an ethylcyclopropanc-ltkc arrangement, all actually 
rather closely similar, were found. 

Before constructing and testing actual model; bused on these arrange- 
ments of boron atoms (the theoretical intensity curves already calculated 
lacked the B • • • H terms), we decided to re-examine the tctrago.-aJ pyramid 
arrangement, which had been considered but rejected in the original dif- 
fraction study, had more recently been further advocated by Pauling,* 
and, unlike our unsymmetriod arrangements, was in element with rr 
cent indications of high symmetry from spectroscopic* and calorimetric10 

data. The 2.57 A. peak now had to be attributed mainly to B- • H rather 
than B B interactions, contrary to our previous assumption," but with 
the help of the previous analysis a suitable disjxisition <-f hydrogen atoms 
was readily found (Fig. 2} and a!! others of full symmetry •'€<.) were ten- 
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Electron diffraction curves    The theori-timl intensity curves are fof the following 
pyramidal models: 

Cc»v«« B--IL, /B—U... II       II     !•'•> II -H •pin -ll.ll.H, 
'MS'CUl dlMcdTM 
<  II IM* H.H.II, 

A 1 275,1 740 0 100 (1  150 00" ISO* 
H 1 275/1 745 0 110 0  150 •irr !*f 
C 1 Z76/1 740 I)   100 1) 050 00* 180* 
:> 1 276/1 740 o lot) 0 250 •M)° 180' 
K 1 225/1  74() (1   11)0 0 150 80 • '• 90 * 
A 1 335.1 740 (1   lim n  15il L1I 180c 

C I 275/1 740 0  100 0  ISO 115° 180' 
II 1 27o/l 740 0 100 0.160 lis- 190' 
1 1  27;V|  740 II  1011 II 150 ts' !(*>• 

I'M 
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tarjvsly climirited The new structure, with the flt Bj and B, --H, 
distances the lo'-.gcr il llteii lesjKxtivr kinds, sremed plausible and met 
w-th immediate success. 

All except ••' I! terms were included f"-r the thenrcti--' intensity c<:rves. The 
coeftiririits a,, of ;' . Iviupern'ur- factors >x|i' - n.,q') were teken as O.OOOtti for Hi -Hi 
.1.1! !!•     II), .. !2X)23 tut R:   -I",   (HKXK*! fm   H I), nn'i xr.ro otherwise, ai  loc  diho- 
ranc,** mul (hf effective value 1 ?'> wpv used i- /.» Of 1 he selection of curves shown 
m Fiji 1. C, H, and ' nr. -,. c-ptohlt, A . ti, «n:I 0 "1 doubtful, and /?. £, and f arc un 
acceptable Important items (f>r this* corn u «•:•• .-re ih»- depih of min. 4, the shape 
•>l double; 4.5. the relative inirnsiiit-:. • f m:mmu 6, ", X. :ui<' u. the sharn- ;f max. 7- 
min. S. aud the tx>.:(ipn and xi,;oi- of donl.-Uf fi-"< i"~r the 'icsi cut vex thv only point 
of substantial diMuifrwiiK-.it concerns the heights of the lir.t three muni maxima; it is 
almost inconsequential for the punnirtcr determination and probably arises from an 
underestimate, such as could he expected, of the height ol the broad inner max  1-2. 

Iii terms of B B„. =• 1.740 A. the best :;hapc parameter values und 
estini«\tcd limits of error, together with the ranges for which intensity 
curves were calculated, are: B—H,,., 1.288 ± 0.044 A. (1.22 1.35 A); 

S—Il^iii. 0.12."iO.G90 A. f0.0.'»-0..w A.i; B—B.P1„, O.iOo ± O.OiO A. 
ro.00-0.12A); Z B, -B.--H,, 120 ± 20° (KV123°);wd external dihedral 
angle B,BiBrB,B,Hi. 187 ± 10J (165-200°). all for the assumed Ct. sym- 
metry. These values and the values of (jo»i,./$ob..)»T. (see table 
1 foi un example) lead to the following result: for the bond lengths: 
B,—B,, 1.700 .-r 0.017 A.; B.-B,, 1.805 * 0.014 A.; B,—H, and Br—H,. 
1.234 * 0.066 A. (B,—H, - Br~H,assumed); and Br-ili. 1.359 ± 0.077 A. 

The limits of error are conservative except that no allowance has been made for the 
possible effects on the angle determinations of our rough assumption that the previous 
guess for 01 . .*• in diborapr should apply to BiH(, for all the differeat B • • • H tetms. 
The concentration of all the B - II distances within the 2.57 A. p.-Js. mokes the ques- 
tion of interaction >>etweec temperature factor and distance parameters more serious 
than usual, but the boron parameters and probably the B—H distances should not be 
much affected, since they at • determined lately by the outer part of the pattern, where 
the B • - H contribution is in any case >>nuil! It may be noted that the crystal* and ga* 
values for the bond angles and hood length- In B,H, are in good agreement except for the 
B -B lengths, for which the crystal values (1.<V» ± 0.02 A. a-.d 1.77 ± 0.02 A.)are 
shorter than ours by possibly significant amoui.U compared to the limits of error. Our 
B—B lengths, however, Te In good agreement with the preliminary results 1.00 A and 
1.80 A. of a recent microwave investigation," from which none ot Ibe other parameter 
values have yet been reported. 

The x-ray confirmation of the structure type, which was communicated to 
us during our parameter determination, made unnecessary any further 
study of other possibilities, including the unsymmctrical ones described 
above. The high over-all symmetry and especially the &, skeletal sym- 
metry have also been confirmed by the microwKve investigation." 

Discussion.—The B»H| structure hos high ligancies, two for the bridge 
hydrogen atoms, five for ilit apical boron atom, and six for the basal boron 
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atoms, in agreement with the principle': that electron deficiency gives rise 
to structures showing ligancies in excess of the respective numbers of suit- 
able atomic u»5iitals For the count of ligands, we take th<- direct B—B 
interaction of a bridge txmd as hor.dij.g, although the related B- • U inter- 
action in diborane is of***.*1 regarded as not ftonding. We believe our tu^ur:;- 
tion is the more likely one in view of the comparatively short B—B 
distance. It ai?- makes the liganciea of hydrogen and boron i:: the boron 
hydrides and other high-ligtmcy compounds of boron more uniformly 
consistent with th. high-Hganey principle, and is the natural assumption 
to make if these compounds are toberela* ?d '•• ordinary covalent compounds 
in terms of resonance, following Pauling's iliscussion of the metals. '* Paul- 
ing's relation r. •» r, — 0.300 logio « yields an attractive correlation of the 
actuaily very widely varying bond distances," as well as inferences about 
certrdn other aspect , c' the structure:?. For example, the boron radiuj 
which would be exactly i ompatible with 
the bond distances of our preliminary 
,..„,—> c— n u   :. n "fir.  I     :_   n—< 

3 
FIGURB   i. 

The IM't structure. 

agreement with the average 0.794 A. ob- 
tained from all these compounds. 

The basal boron atoms of B»H( and 
the apical boron atoms of B,oHu form 
just the same set of bonds; similarly, 
the apical boron atoms of B»Ht resemble 
the boron atoms of the calcium boride 
structure in an octahedron arrangement 
except for replacement of external B by 
H. As King and Lipscomb pointed 
out,w moreover, the whole B»H, struc- 
ture is related to the calcium boride 
structure in almost precisely the same way as the Pm-Hu structure is 
related to the boron carbide structure." vVe may add that tr basal 
boron atoms of Bs!i» and all the boron atoms of drcaborane, as >veU ss 
the boron atoms of boron carbide and the icosahedron atoms of ele- 
mentary boron (in the modification of known structure"), all have six 
Uganda in the icosahedron arrangement, with bond angles approximating 
the ideal values of 60°, 108°, and 121*/4° about as well as would seem pos- 
sible under the constraints imposed by differing bond lengths and incompat- 
ible over-all symmetries.'• Accordingly, it seems reasonable to suggest 
that these structures all reflect a strong tendency for eexiligated boron to 
adopt approximately the ideal icosahedion arrangement. 

The occurrence of the icosahedron and octahedron arrangements is 
remarkable because thsy are uotably anisotropic, in violation of what 
might be expecicd to result from the spl (and *£', for the hydrides) hybrid 
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orhil.ds mi which the Ixwding is presumably :::.;mly based and because 
there is surely r.u luck < •! more conven'iona! alternatives, i-'or elementary 
horn, lor »vampi , ouiinary octahedral coordin«.'''Y"i in the simple cubic 
structure would seem suitable, especially in view of its '"rcjuciit ocnij-rwice 
tu cor.i^itA .-.tructures for other atom* A'hicli art rpj.irded ;::: fanning <rix 
half-bonds.*0 To t>e sure, the icosahedron and octahedron yrrangeincms 
would seem less anisotropic if the extern i! bonds were stronger than the 
internal bonds, us indeed is th<' general indication tor H»H» and decaborane. 
I-'or the bi'sal Iwon atoms of B»H», tor example, the bridge B H, bridge 
H—H, and slant B••- B bonds have U;<: restrictive Pauling bond numbers 
0.41), 0.45, and 0.67, with a total of 2.49, or only about thr^e times the bond 
number 0.77 of the B— H external bond.11    But lor 'oo;.>ri Cut bide, CIP- 

i*Hl.K   I 

COMPAIHONS or ObSRRVbii AM> CALCULATBH POSITIONS OP MAXIMA AND MINIMA re; 
M'.DKI. H 

  "'" '?     *   1t*U   ! w>»   

.'*<•. MAX. mtu. MAX. Mf.N. MAX. MSN MAX. Mill 

1 11.19 7.70 10 89 8.08 (o 956) (0 979) (0.083) (0.943) 
2 16.41 13.31 17.31 13.88 (1.012) (0 939) (0.059) (0.901) 
a 26.00 20.47 26 34 21.03 1.012 !02! 0.998 0.994 
4 33 87 29.70 33 33 29 77 (1.028*) \:m (1.041) 1 021 
8 38.51! 36.41 39.00 38.42 (0.971) (1011) (0 043) (0.083) 
1 48.70 43 40 48 59 43 62 1.008 0.999 1 011 0 996 
7 69.51 S3 53 00  15 54 25 1 (XX) 1.014 0 991 1.007 
8 72 00 06 95 71 87 W til 0.098 1.004 1   (K,'.» 1.009 
y 83 29 78 03 82 23 70.60 (0 984) 0.99) (0.997) 1.013 

10 90.07 80 50 8«97 85 67 (0 989) 0.961 (0.991) 1.002 
11 03.23 ei.w 0 992 1.007 

Average, 12 features          1 0047 !  0048 
Average deviation 0.009 0.007 

mentary boron, and calcium boride there is no definite indication one way 
or the other. Altogether, a proper understanding of the details of the 
bonding is lacking. 

Nevertheless, it seems unlikely that the immediate bond arrangement in 
these structures is superior. Instead, the essential point may be that they 
illow an increase in Hganey without a corresponding increase (or even with 
a decrease) in the number and severity of close non-bond interactions: 
compare, for example, the joined ic\>sahedron unit of the boron and boron 
carbide structures with the simple cubic structure. In the latter, each 
atom has twelve next-nearest neighbors related to it by 90° bond angles, 
whereas die icosahedron atom has only five internal next-nearest neighbors 
at 108° and five external next-nearest neighbor* at 122°. This strongly 
surtrests that the ntxt-ncarpst interactions arc repulsive and  important 

I   „  
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aii! that the hifjh ligancy principle should lie f vised to say that the high 
'igaiu'tivj tend to be nchieved in siu-h <\ w^y -is lo minimize the numbers and 
mRxin-v,- :1K distances of next-nearest neighbors, even if the resulting bond 
arii.i,^. oieius wot;!' appeal by standards ol ordinary covalcncc to !«• un 
duly sfn.iiKii Jt ' \;. • also account for the lack of apparent exlia strength 
of tin. txlcnal bonus '.vhere »m> octahedra or two icosahedra arc joined: 
for the icosahedron, again, each external bond would be opposed [princi- 
pally by ten next-nearest interactions at 122" and ten second -nearest in 
teractions (assuming til** staggered orientation of groups aboui iiit external 
bond) of the type 

B- 

V 
II 

- D 

whereas ecch internal bond is opposed (a full counting shows) by only one 
internal next-nearest interaction at \0H~, two external next-nearest interac- 
tions at 122°, and one exteniul interaction of the type 

B B 
\ / 

B B 

in the opposed orientation. The present situation is evidently related to 
the cases of cyclopropane and cyclobutane," where the energy and C—C 
bond length in eyclobutane arc both greater than normal, apparently 
!>ecau$e of cross ring repulsion, while in cytiopropanc, in which the repul- 
sion is avoided by formation of the three-membered ring, the bond length 
is less than norms' and the energy still greater than normal, both apparently 
in consequence of the angle strain. In the high-ligancy boron compounds 
the relationships are no doubt different, especially because of the compli- 
cated resonance situation; nevertheless, the importance of next-nearest 
neighbor repulsions seems to be verified and there is the additional indica- 
tion that angle-strain sliortenir.p; oi the internal bonds may also occur. 
For the calcium bonde st- uctnre, of course, the role of Ihe metal atoms 
has also to be considered. 

We should like to express our thanks to Professor Pauling for his con 
i miied helpful interest in the investigation. 

* Contribution No 1711. This work was supported in part by the Office of .Yaval Re- 
search under Confrsol V6-onr-24423 
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mately equalise* the external angles, and the smaller, crystal value of 115', which by the 
quoted +5° limit of error i* considerably more reliable than ours, equalises the apparent 
•trains very well indeed. 

•» Run.!'*, R E , / Am. Chem. See . «9, 1327 (1947). 
11 1 'unit/.. J. D.. and Schotuaker, V., submitted for publication in tho Journal of Chem- 

teal Physics. 
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i-*" ££ JjiZ StTOCture oi_ .Tjotraborano 

cr„" 7     '^ bare reinve?tigated gaseous  tetraborane by electron dif- 

, fraction.    The butane-liice model vith tetrahedral bond angles as 

reported by Bauer    is  Incompatible with our data;  values of 

/ B-3-B * JO" and / B-B-1I *• 133.5° do bring it into agreement,  but 

the lattor single i.3 out of   ';bs quastion,  eep*:ially for the  'methylenic' 

hydrogen atoms.     No exhaustive investigation of the butane-like 

•truntvre was attempted,  however,  because a structure  (?ig.  l) 
p 

plausibly related to the k^..,ii b?ron hydride structure*    was dis- 

covorcd and shown to be in excellent agreement with the diffraction 
•t U 

pattern early in our work- '   ,  and has since been established by 

Hordman and lipscomb by the  crystal structure  investigation reported 

in the following Communication.    The atomic arrangement is  clonely 

similar to that of the apical groups In decaborane and is comparable 

to the arrangements in dlborane and stable pentaborane, 

Approxiiw.ce values for the numerous parameters of the C     model 

ares 

Bj-Ba    -    1.85 *.    2X-B,    •    I.76 X, 

Ba...B4   »    2.88*.  (Dihedral / BiB^-BjBaBa   -    12U°32') 

Bj-Hg   «    Bg-H7    m    BpHg    -    1.19 X, 

B^-Hg   -    1.33 X.  H,~Ha    -    I.U3 %, H, in plane of B^Ba, 

I B^Bj-H,   -    118a20', and/ Ba^-B2-H7g    '    U7°6». 

These rtlues vcrs obtained pris&rily fros lu« radial distribution 

curve ("ig,  2);  they were reXlned by a (necessarily incomplete) 

correlation treatment.    The Ks parameters are highly uncertain, but 

the B-H distance,  1.19 A.  and the B-B bond distanoea warrant com- 

parison with the crystal values. 
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We are indebted to Profeeaor A. B. Burg and Mr, 2. S. i.ui,7isn 

for the eaaples of tetraberane <uxl to the Office of Haval Research 

(Contract Sfionr 2'4'423) tot export during this investigation. 

RcTfc-e v e*< 

1. S. H.  Bauer, J.An.ChemSnc., GO,  SO5  (1938). 

2. For references and discussion see K.  Hedberg, K. S. Jones, and 

7. Schoaaker, Proc. Hat. Aead. Sci. U.S., 3JJ, 679 (1952). 

3. Quarterly Progress Report, October 23, I95i. Contract N6onr 2l&23. 

U.    A. B.  Burg and        9.  A. Stone, J.Am.Chem.Soc., 25 •  228 (1953). 
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THEORETICAL     INTENSITY 

BUTANE-LIKE 

100, 

Fig.   2 Viaual,  radial dUtribution,  and theoretical 
intensity curve*.    Theoretical inten»ity 
r«rv#>8 are for butane  like model with 
/B-B-B «• 90° and iB-B-H « 133. Sv *ud 
for C2V model dei cribed in text. 
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3 Introduction 

<: 

PHr- 

j 

In our last Technical   »k>cort (#J,  Juns 15»  1952) a short account 

waa given of how the uneymmetrical molecular structures that had bean 

derived for a number of compounds of heavy elements are  Incorrect; 

how the features of the diffraction patterns that had seemed to d-«».rsd 

thaae uneyonetrieai etructures are instead & characteristic manifest- 

ation of failure of the (firet) Born approximation!  commonly used in 

thia work; and how satisfactory agreement for symmetrical molecular 

structures was obtained with a new approximate theory of electron 

scattering equivalent to the second Born approximation.    This aooount 

has now been published', as has the somewhat longer and more theoretical 

article which forms the following seotion of the present report*    The 

teohnioal prospect presented by these article* is of a still attraotlveiy 

simple theory* 

Meanwhile, however, the 10 kev UFg pattern and the improved cal- 

culations mentioned in the seoond article have shewn that both the 

second Born approximation and the aasumption cf ths screened-Coulomb 

field, which we have used with it, are inadequate,  the uniformly good 

agreement with the 40 kev experiments apparently representing a quite 

fortuitous cancellation of the relevant resulting errors.    The seoond 

following seotion deeoribes calculations that agree with all the pre- 

sently available data on UP* and are reliable, we believe, both with 

reepeot to the atom models and the theoretical treatment of atomic 

electron scattering which were used.    The calculations are lengthy but 

we hope to extend them sufficiently to provide values of the complex 

»oettaring amplitude,      |f(A )[ exp |irj((0)j , adequate for the 

uaual (•—'«) kev) electron diffraction study of any moieoule. 
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Kcprimcd fr.rfu Tut PMVbirAi   Rgvitw. Vol. 89. No. 4. 067 b/l. February 15, 1953 
PntXM la V. y A 

The Tbeor>' of Electron Diffraction 
Rov GutBEK,* iVormon Bridge lAberaiery of Pkytict, ( ilifo-nin IntftfiJr of Tuhnalpfy, Potodma, California 

AMD 

Vr.kNEa ScMOtuara, Ca/ej and CrtUin Ul..<^<ritt of C'ntmistry, California Institute of Ttchnal»ty,\ Pasadina, California 
(Received October 14, 1932) 

It is shown that the omission of *n angle-dependent phase factor in the scattering amplitude constitutes a 
significant error of the Bom approzimatioa, u customarily applied to electron diffraction experiments. 
Some general properties of tie scattering amplitude art discuwed in relation io the B;:rr. s;:^:-s:-:«'i »« 
and used to derive a simple estimate of the required phase. The theory, thus corrected, is found to remove 
the need foi assuming rather distorted structures in some molecules containing heavy atoms. The effect 
discussed is present quite generally in the interference of waves scattered by differing potential* and becomes 
more prominent a* the pmicle energy is lowered. In the Appendbt a semiclaatical procedure is used to treat 
the analogous effect in proton diffraction. 

- 

t 

I 
[ 

t 

THE Bom approximation is wdl known lo predict 
exactly, in the nonreUtiviitic region, the intemity 

of electrons scattered by a Coulomb Seld. Although stil! 
a perturbation method, it has seemed in this case nearly 
immune from the usually attendant inaccuracies arid 
h»s bren widely and successfully used i« the analysis of 
electron diffraction patterns. Confidence In the approxi- 
mation as ordinarily applied to molecular structure 
determinations has extended even to a number of cases 
which have seemed to reveal rather improbable stru- • 
tur«. On re-examining several of these (which are 
briefly noted in Sec. I), we have found that a phase 
change, heretofore neglected, which takes place on 
scattering is the probable cause of the anomalies.1 It 
may, in extreme cases, lead to strikingly altered con- 
clui'ons about molecular structure, lne error is one 
characteristic of the Bom approximation and i-ppears 
whenever it is applied to the interference of waves 
scattered by potentials of different strengths. The phase 
aliifl in question, which depend1! significantly on the 
effects of screening, is calculated approximately in Sec. 
II, and the results are then compared with experiment. 

1.  NATURE OF THE EFFECT 

The diffraction patterns of electrons scattered by 
gases consist of weak concentric rings superposed on the 

* Pretest address: Lvman Laboratory of Physics. Harvard 
University, Cambridge .w. Massachusetts, 

f Contribution No. 1743 
' V. Sthomaker and R  Glauber. Naiure 170, 290 (19-2). 

intense forward maximum of Coulomb scattering 
(modified by screening). Fourier analysis of the ring 
structure gives the distances between the scattering 
centers of the molecule. In some molecules containing 
heavy atoms a curious effect involving these distances 
haa been found. Uranium hexafluufidc, in which the 
effect was first noted, might be expected to show octa- 
hedral symmetry about the uranium atom. The mole- 
cule has insteed appeared rather puzzlmgly asymmetric: 
the calculated curves showing the distribution of inter- 
atomic distances* have two distinctly separated peaks 
at 1.87A and 2.17A rather than a single one corre- 
sponding to a unique U —F bond length. Information 
from other sources, however, in no way confirms this 
picture. The data on infrared spectra, molecular 
entropy, and the dipole moment are all consistent with 
the symmetrical atnirture.* Similar apparent asym- 
metric have also been found to occur in a number of 
other molecules of the form MX,, containing single 
heavy atoms. The distances belween the heavy atom 
and its neighbors are apparenJy rplit into two equal 
groups differing by an amount roughly proportional to 
Zy—Zx- For equal atomic numbers as in the heavy 
molecule 1>, nothing unusual is observed. 

We shall not dwell upon the valence-theoretiol 

* S. H. Bauer, J. Chem Pbya. 18. 27 (195C). 
1 See especial;;•• BiqtJrisen, Mayr, Stevenson, and Turkevich, 

J. Cbem. Phyv !«. 442 (194S); and Burke, Smith, and Nielsen. 
J. Chem Phyv 20, 447 (1952). 
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attempts which have been made to explain these 
results. The smootiiucss of the dependence or, nuclear 
charges indicates an inadequacy of the scattering 
theory rather than any ?eiual effects of chemical 
bonding. In demonstrating this we shull show that the 
molecules in question are in fa< t as accurately sym- 
metrical as the present diffraction techniques ir.ay 
discern. 

Of the various inaccuracies implicit in the conven- 
tional calculation;, the most obvious, perhaps, is the 
use of the Born approximation for the atomic scattering 
amplitudes. Other points more specifically molecular 
in natuic arc the neglect of multiple scattering (by the 
different atoms) and of valence distortion of the charge 
distribution. A strong dependence on the difference of 
atoru'ic nurs'-«i» cannot, however, be produced by either 
of tht latter two effects, whereas interference between 
corrections to the atomic scattering amplitudes may 
easily do so. For this reason we assume that the wave 
scattered by a molecule may still be represented by a 
superposition of waves />(V, k)f*'/r scattered by the 
individual atoms (j~ 1, 2, 3, • • •} from the direction k 
to the direction k'. 

The amplitudes /,(V, k) may V shown quite gener- 
ally (see Sec. II) to be complex functions of the scat- 
tering angle. It is characteristic of the Bom approxi- 
mation, however, that these amplitudes, given by the 
familiar matrix element, 

,(k',k). — f «<*-»>' V(t)dr (1) 

are always real for atomic scattering potentials V(r) 
tor more generally, for any potential unchanged by 
inveifion in the origin). An example close at hand is 
scattering by a pure Coulomb field, for which the 
expression (1) predicts exactly the absolute value of 
the scattered amplitude but omits at the same time a 
phase factoi sensitively dependent on the angie of 
scattering.4 Abbreviating the amplitudes for the 
moment, as f)(8), wc take explicit account of their 
phases by writing them as \J)<fi)\ exp(M},(0)). The 
intensity of the scattered electrons averaged over the 
random orientations of the gas r"olr<ii!*s i« then 
proportional to 

sirur« 
Z jmm Z i MO 11 Mi)! 

tinsr,, 
Xcos<„(9)-i,y(«)} ,   (2) 

where *- |k—k'| -(4«\'X) sin(9/2), and r,, is the 
distance between atoms t and j. 

To see the way the phase ij(0) may explain the 
apparent a3ymmctry, let us suppose the amplitudes 

4 For the txact lolution «* N. F. Mott and H S. W. Mantey. 
TUvry nf AUHHU CalUsum- (Oxford "niwr»ily PreM, London, 
1949), Mcood edition, p 48. 

f.(8) arc real. Then <he sum of the terms contributed 
by a split pair of distant cs'.^ro — i and r„= rB+6 with 
similar atoms / and ;'. would be approximately 

2i f/,8) I |/-•(») | amisinwv'jr,). (3) 

(The amplitude clifTerence, of order 6/r0, is neglected.) 
This expression is of just the form that would !>c 

given by (2) if the phase difference [ ij,(0) — n,(^ i we"e 

proportional to s, and if no distance splittings at all 
existed. The scattering angle at which the amplitude of 
the wave corresponding to (3) first changes sign (and 
vanishes) is given by !>}<(*) — n,W! ~«'/2. In practice 
it is the behavior of the diffraction pattern in the 
neighborhood of this critical angle that has been 
principally responsible for the interpretation in terms of 
beaMnp rine waves and its implied molecular ajym- 
tr.ctry Tt is hoped that in future experiments the very 
faint cuter fringes of the diffraction pattern may be 
observed at scattering angles sufficiently large to 
include the second critical angle | ij,(0) — ij.-(0) | •«3r/2. 
Since th?se data arc lacking, the correct prediction of 
the scattering angle for which the phase difference is 
«•/2 is the only quantitative test now available. 

Moderate deviations of the phase shift from linearity 
in s on either side of the single critical angle observed 
wii! not very noticeably change the character of the 
pred-'-.ted pattern. Indeed the desire that \vt(8)~%Wi 
Le linear in * comes from comparison with the asym- 
metric model, whose tit to the experimental diffraction 
pattern, although good, is not beyona improvement. 
The theoretically predicted phase differences (see Sec. 
II) which arc monotonicaliy increasing functions of « 
(but not pro|iortional io s) appear in fact to fit the 
observed patterns more satisfactorily than the asym- 
metric model.' 

n. THEORY 

before specializing to the atomic case, it will be useful 
to discuss several quite general properties of scattering 
amplitudes. Let us suppose ^»(r), \fv(») and f ,-(r) 
are solutions of the Schrddinger equation for equal 
energies arising from initial plane waves in the direc- 
tions k, k', and — k', respectively. They then obey the 
relations 

*v*v-Vk-**v-Vk-*-0, (4b) 

which, integrated over the volume of a sphere sur- 
rounding the scatterer, are immediately exprtssed as 
the surface integrals 

/.(• 
d d 

—ik-}*—V'- 
dr dr 

\dS = Q, (5a) 

J.A       dr dr       / 

' G. Felicafeld acd J. Iben, private communication. 
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with JS an clement of surface \f the radius of ths 
sphere is made sufficiently large, the wave functions 
assume their 'VSyiuptoiit values on ihe surface. We 
may then substitute 

^,(r) = exp(ik r) + /(k„ k) er.p(ikr) r 

(where kr is a propagation vector in '.he direction r; 
|k,| =-*) together with the analogous expressions for 
the other wave func.ions. The asymptotic values ci the 
surface integrals for large sphere radii ure then easily 
found and furnish two important relations involving 
the scattering amplitude. The first of these, coming 
from (5K), is 

/(k\k)-/(-k, -k), (6) 

which expresses '.he reversibility of the scattering 
between any pair of directions. From (5b) wc find the 
relation 

i * r 
-{/(k',k)-/*(k,k')j»-     f(k", k')/i.k", wn»», 

(7) 

in which the vector k" on the ri«ht is integrated over 
the sphere lk"j **k. For the particular case k'-k, Eqs. 
(4b) and (5b) express the conservation of the particle 
current. Equation (7) then reduces to 

Im/(k,k;-(*/4»V (8) 

(where a is the total scattering cross section), a relation 
which illustrates how fundamental is the requirement 
that the amplitude of the scattered wave be complex 
rather than real. 

The more genera! form of Eq. (7) may be simplified 
by assuming that the scalteiing potential has inversion 
symmetry Wr)-- V(— r). Nothing then is changed by 
inverting all vectors in the origin, and it follows, it: 
particular, that /(k', k)-/(-k', -k). The latter rela- 
tion together with the principle of reversibility (f>) 
shows that the scattering amplitude if. symmetric: 

/(V,k)-/(k,k') (9) 

Equation (7), under our assumption, then reduces to 

Im/CV, I)— |7\V, k")/(V", k)JQv.,    (SO) 

a relation we shall have frequent occasion to apply. 
The reason for the inadequacy of the Born approxi- 

mation (i.e., the first term of a power series expansion 
in a— —Ze?Shv) in the present context is easily seen 
from (10). For /(k', k)-O(-v) we have Im/(k',k) 
-0(o?), from which it follows that the phase increases 
with o, »|(k'. k)-arfc/(k',k)- 0(a). Clearly then we 
must either go beyond the first term of the series cr 
employ a fundamentally more accurate formulation of 
the scattering problem. In the present work we nhall 
use some assumptions based on our experience with 

Coulomb scattering to simplify the higher terms *>( tiie 
Bern scr> ., thereby avoiding u good deal of numerical 
work but allowing stil! a reasonable comparison with 
experiment. We shall leave to a later treatment the 
refinements introduced by .-•. basically different and more 
.•u;i:ia!r procedure for approximating the scattering 
amplitude, calculations for which are no\. in piogrxs. 

At the energies at whU.h diffraction experimenis are 
performed (~40 ksv), electron wavelengths are sub- 
stantially smaller than the atomic radius a, (,*a~!t) to 
20). For all save small angles (d-~l/ka), therefore, the 
intensity of scattering is negligibly affected by the 
screening of atomic fields. For these angles the Ruther- 
ford formula and, hence, the Horn approximation 
intensities arc nearly exact. At smaller angles the 
effects of screening are (artially accounted for by the 
structure factor implicit in (1). We shall assume for 
simplicity thai the Horn approximation (1) represents 
the absolute value of the scattering amplitude at a!! 
:tr.gles. The '•h«rt»<-i*ristir features of the simpler dif- 
traction pal terns are in any case quite insensitive to the 
over-all atomic scattering intensities. 

The difference between screened and unscreened 
Coulomb fields becomes particularly important for the 
phase of the scattering amplitude. For the unscreened 
field the phase of the exact solution* contains principally 
the coordinate-dependent term — a iog{ir(l— cos0)}, 
wnich increases indefinitely with r, the distance frcm 
the scatterer. This is, of course, a properly per.jiiar to 
the slow decrease of the Coulomb potential and is absent 
for screened fields. A simple estimate of th:- phase in 
•he screened case* may be obtained by substituting the 
Born approximation amplitude /.i(k', k) on the right 
side of (10) and equating both sides to order a1. We 
obtain 

i(k\k)-  f/•*', k")/»(k", k)<fffc...   (11) 
*»/*(k', k) J 

an expression which is equivalent to the second Born 
approximation. 

To evaluate the phase, we chose as an analytically 
convenient model of the screened field the exponential 
form 

K(r)--Z«I«-"Vr. (12) 

for •vhieh the Born approximation amplitude is 

/,(k'.k)--2«AaV(lk'-k|VH-l).        (13) 

The angular integration cf (11) is not difficult to 
perform, and the resulting phase, as a function ot the 
scattering angle 6, is 

with 

)=-2r»(lH J.4tanlrM,    (14) 
V      4A'a*sint(#/2;/ 

sin(0/2) 
A„ . (15) 

UI + (l/2*W))»-cosV/'2]» 
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Since 2JIV»1 these expressions may He reduced to 

1-f-iV M 
IK0)«-'-2M    tenh-' ,      (16) 

10(4+^0')* (4+j,a')' 

in whicli we have once again used the notation 

j-|k'-k|=-2*sin(8/2). 

A graph of !«j(°)/«i according to Eq. (16) is given in 
Fig. 1. i-or the forward direction, th* value r/(0)« — a/2 
is quite insensitive to the screening radius. Tor large 
angles the phase is asymptotically 

i>(») 2alog(2*usin0/2), (17) 

the value of which may in practice be appreciable, even 
for the lighter elements. 

The validity of the expression (16) for the phrse, at 
least for large angles, is somewhat stronger than its 
derivation by the ptesent perturbation procedure might 
imply. This may be seen by exploiting the similarity of 
the large angle scattering by screened and unscreened 
Coulomb fields.1 In particular the dependence of the 
asymptotic phase (17) on 8 is the same (apart from an 
additive constant) as that of the exact Coulomb phise, 
a fact which implies correctly that for angles 8»\/ka 
the scattering amplitudes for the screened and un- 
screened fields differ only by a phase factor, inde- 
pendent of angle.7 

In undertaking comparisons w!th experimental results 
we shall assume that the estimate of the phase given 
by (16) is sufficiently accurate to be used directly* in 

* ...tk..-v 

FiO. 1. Graph <J the dependence of the phaae on scattering angle: 
 U(#)/<*| M V» ain(#/2), a* given by Eq. (16). 

• It may aleo be teen from (he work of P. DaMti [Proc. Roy. 
Soc. (London) A2w». si* (IVil)l who h»< di overt theaayiontoric 
form (17) tod shown that lu occurrence 4* a phaae b conaiatent 
with the third Bom approximation aa well as toe tecond 

' Thb behavior is implicitly made ute of In computing the 
Coulomb acauering of identical particles when one of them la 
acreer.cd (e.g., f>-t mattering). The ccwatanl phaae factor by 
which the Coulomb and correctly screened tolutlnnt differ it not 
observed. For other potential* the interference effect invoiced in 
its acatteriof of aimilar particle* will alao require a knowledge 
of the aKgte-aepenJftil part of the phase, omitted in the firtt Bom 
approximation. 

•Our procedure here actually goea reyond the aecond Born 
approximation, which, -trictly speaking, would only cormiJe' the 
terma of (2) to order «**, and would thereby eliminate the con- 
tribution of the phaae entirely. 

the formalism of Stx. I. The accuracy of this method is 
difficult, to estimate without performing numerically 
more involved calculations. We may mention, however, 
that the preliminary results obtained urun« a more 
accurate method (based on the smallness of a'ko 
rather than a) are favorable. They indicate that the 
Kccuracy of (16) for n~i is roughly commensurate with 
that of the screening model (12). 

m. COMPARISON WITH rTPBJUMBNT 

While the phase shift we have discussed will modulate 
the intensities of the diffraction patterns of all hcter- 
Klomi.- molecules, its effect is most strongly felt when 
large differences in the nuclear chatges prevail. In such 
cases the attempt to account in the conventional way 
for the observed modulation has led, as we have already 
noted in Sec. I, to the assumption of curiously unsym- 
metrical molecular stp""turcs. For a proper interpre- 
tation in the light of the present work, the diffraction 
data for each of the molecules in question will eventually 
require detailed re-analysis. A simple way, however, of 
checking the corrected theory is to show the way in 
which the treatment based on symmetrical models with 
phase shift? is able to duplicate the numerical results 
previously arrived Ht for the apparent asymmetries. To 
do this we note by comparing (2) and (3) the approxi- 
mate relation 

24«"T/j„it., (18) 

In which *„•« is the value of 2k sin(0/2) for which the 
phase difference is w/2. An approximate value of the 
screening distance, adequate for the calculation is 
o"O.S28/"'A. The predicted apparent "splits" (24) 
that reauit are listed in Table I along with the cor- 
responding experimental values. Their agreement, it 
may be seen, is quite close. It follows that for these 
molecules the diffraction patterns predicted by the 
present formulation will be in good agreement with 
those observed. The intensity curve calculated for UF* 
at 40 kev seems to show even better agreement than the 
previous work for the central and outer parts of the 
pattern.' This is a consequence of the deviation of the 
phases from proportionality to s. 

A large number of electron diffraction studies of 
molecules containing heavy atoms are on record in 
which nothing anomalous was observed, a circumstance 
which no doubt helped delay the recognition of the 
J)IIA<U» vhtfts. It i» imrvirtant, therefore, to remark that 
in all the adequately reported cases, the pattern wa« 
observed only at angles at which the phase difference 
is lest than the critical value T/2. 

The phase given by Eq. (16) is inert-used by lowering 
the electron energy, and its modulation of the difft acticn 
pattern varies more rapidly with t. The resulting energy 
dependence of the pattern is a featu:e absent from any 
treatment based on the first Born approximation. Some 
photographs of IFF*, taken at 10 kev do indeed show 
changes in the direction predicted,' and v •!! 'ic analyzed 
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ABSTRACT 

The partial waves scattoring theory has been 

applied to eleotron scattering by U and F atoms at 

40 and 11 kev. The electron scattering by the UF6 

molecule, predicted from these results, is in good 

agreement with experiment. 

« - - 

I.  INTRODUCTION 

HecentJy, Schomaker and Glauber have pointed out that anomalies, 

e.g. apparent aeymnetry, in tha structures of molecules containing both 

heavy and light atoms as determined by electron diffraction can be re- 

moved by using complex atomic scattering amplitudes, £(0), and hence by 

rejecting the first Born approximation which gives only real amplitudes. 

This approximation, although theoretically justified only for -a » Ze. /(fcv) 

small, has nevertheless been universally employed in investigations of 

t}»6 aoieouler structure of Kuses by electron diffraction. Uaiiig the 

2 
second Born approximation, Glauber and Schomaker evaluated the phase of 

the complex amplitude, V (0) • arg £(0)t for the screened-coulcmb field. 

Tn this way remarkably good agreement was obtained for a large group of 

molocules at W  ke\. However, good agreement is not obtained for the 

I 



UFft pattern at 11 kev,-5 and, in any case, the oecond Born approximation 

and the assumption of a screened-cculoab field ars both uncertain, so that 

a more adequate calculation ie desired.    Vfe describe belou the application 

of the partial wav«>s scattering theory to the problem of the scattering 

of electrons by atoms  (U and F).    The energies considered (11 and LO kev) 

are sufficiently high so thct cloctron exchenge and polarization effects 

can be neglected. 

II.     1HE0R1 

Ihe solution to the problem of the elastic scattering of a beam of 

particles by a central potential V(r_) is given by 

f(e) 

co 

- Uik)'1  J (2t*l)(e21^* -1} P.(Cos 6), 
4-0 * 

(1) 

where 0 is the ncatterin^ sngle, k is 2 #A» and the phases, £,, may 
x 

be interpreted as the phase differences between the perturbed and unper- 

turbed radial functions at large distances from the nucleus. 3ho $ ,'s 

can be evaluated in several ways for electron scattering. When $,  -. 1, 

(l) can be rewritten as 

00 

f(6) « k'1 £ (2**1) St P,(coa 6) (2) 

and the   £,'s are given by 



~ 1  - 

00 

s,0 - &-J   v(r) -1*1 (kr) ** (3) 

Substitution of (3) into (2) yields the first Born approximation for 

the scattering amplitudes, namely 

jP(e) -   flfi   f' V(r) ^Sll r* ^ (4) 
CO 

o 

where 3 • 2Jc sin(e/2).   When the    £„'s are not small* they may be 

evaluated conveniently by the -/KB method.   Starting with t'..e relativ- 

intlo SchrOdinger equation 

v*t    * K2(r)>* * °» (^ 

where 

we obtain 



- u 

it 

** J      G(r) dr - J     G (r) dr (6) 

with 

G(r)    -   {/ta(r) -    C^/^'i'^' Go(r) "   I* " t^/ryy/2 

Here# the energy E includes the rest energy, and r1f r* ^ 0 arc the 

zeros of the respective integrands.    In accordance with the work of 

Longer,   we have replaced   *(*+l)   by    (***}'.    The   $.*a may also be 
* 6 evaluated exactly.    This has been done by Bartlett and V'elton   with a 

differential analyzer for Hg at 100 and 230 kev starting with Gordon's 

solutions of the Dirac equation.    Although the    *„'s from the WKB 

method are generally supposed to be reliable only i/hen large, and hence 

only when 4 is small, Bartlett and ')elton found Lhese values to be in 

excellent agreement with the oxact values over the entire range of I; 

they found the   $~'B to be rsliablo at large I, 
u 

III,    PROCPRIRE M7> RESULTS 

We first compute the complex atomic scattering amplitudes for U 

ind F nt 40 and 11 kev and then apply these to the scattering by the 

UF* molecule.    UF6 was selected because it offers the most severe test 

fthe molecule exhibits the largest apparent asymmetry ) and because 

only for it do we have olectron diffraction photographs prwparsd at 

11 kev as well  as at the usual 40 kov- 



For J we adcptod the Thorns-Fermi potentialt using the approximate 
7 

fowi 

V(r)    »   -Sal    £aie-V/R (7) 
i"l 

» 
where ft, - 0.10, a. - 0.55, a^ • 0.35, b, - 6.0, b? ' 1.2, b * 0.3. and a, 

the acreenlng radius, is 0.4685/4"1'' « For F we used the Hartree potential 

in the approximate form 
l 
t 

V(r) - - ^ (e"p'r * c r e"^r) (8) 
r 

I 

where ft  • 3.94, P2 • 17.0, and £ a -2.67.    Preliminary calculations 

indicated that the effect of electron spin would be important only for 
I 

I   £•   2, and since in the final summation (l) these terms are reduced in 

importance by the factor 21 * 1, we felt Justified in adopting the 

relativistia Schrodinger equation (5). For snail £, the $,'s were 

calculated for 40 and 11 kev from the WKB expression (6); for large 

* (^*5)» it was found that the f„-'a (3) and  £'s (6) were in ex- 

cellent agreement, as anticipated from the wrk of Bartlett and 'Jelton. 

With the S»fB  obtained in this way (-able I), we have evaluated the 

magnitudes |£(8)) and the arguments *^(o) of tne complex scattering 

amplitudes (Table II). The fc's for U con also be computed over the 

entire t range from the asymptotic expression (15) bolow. In this case, 

although the £,'s differ from the above by as much as Q% at 40 kev 

and 15# at 11 kevl the resultant magnitudes and argumea»* in no case 
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Table I 

Selected VaT.ueB of   JT. 

• 

0 

2 

4 

6 

B 

10 

15 

20 

25 

30 

35 

40 

50 

70 

100 

• Urcnium 

40 kev 11 kev 

6.11 7.2C 

3.49 4.67 

2.47 2,96 

1.87 2.06 

1.53 1.52 

1.26 1.16 

0.847 0.679 

0.602 0.441 

0.452 0,302 

0.353 0.212 

0.282 0.152 

0.228 0.110 

0.155 0.059 

0,076 0.018 

0.02A 

Fluorine 

40 Icev 11 kav 

0.571 1.05 

0.414 0.555 

0.317 0.391 

0.258 0.297 

0.218 0.234 

0.189 0.188 

0.135 0.113 

0,101 0.071 

0.077 0,046 

0.059 0.029 

0.046 0.019 

0.036 

0.022 

ma 
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differ by more t*v>n 3% from thuee in Table II, the relcti'e error in- 

creasing with Increasing 9. 

In the application of these results to the molecule UF$, the aasump- 

tion is made thct multiple scattering and vc.er.oe distortion are negligible* 

Then for visual data the following expression for the intensity function 

(specialised for the case of UF4) is euitabTet 

I(s) K(a) - (6/r^p) cos [^yOU 1^.(9)} sin (r^s)  • ( (fp^f/Jf^e)/) 

(9) 

(3/rF.F)(expC-(*f #F-
aU-F)fl3^ } 6in (rF.F8)J» 

where I(s) is the modified scattering intensity, K(s) is a smoothly de- 

creasing function of s, and e"*4* is the temperature factor for the 

1 1C 
dletanos £.» between atoms £ and ^. '   Using the complex amplitudes 

« o 
obtained above and a symmetric UF6 model (£J_T * 2»00 A, j- - » 2.83 A, 

and j^,,y • 4.00 A) with f-, F • 1.5 10"
3 and a^._F - 2.2 lo"

3,  we have 

ovaluated the function I(s)K(s) at 11 and 40 kov. Fig. 1 compares the 

oalculated and the visually estimated version* of this function. When 

one considers that the visual curves are significant only for comparisons 

of intensity over a small range of p (e.g.. that one usually oan compare 

the height of max JJ only with the average of the heights of max 2+1 and 

max fl-l). the agreement is excellent. For the present purpose, the most 

significant parts of th<i patterns are the very sensitive regions where 

^7J(0)- ^(9) " fT/2 and these are reproduced satisfactorily (Table III). 

Table II also provides a comparison with the magnitudes f^(6) cal- 

culated by the first Born approximation""*" (using (Id) and (19)) and the 

phase angles 1?-(8) for U calculated by the second Born approximation. 



For the latter It v.J.s r>t"c*.H*?y to extend the calculations of Qlauber 

and Schonjaker4" tc the }_>-<.r.tial for U used hare.    Their foraiula is 

B/ B, Ti^O)    -   7>*(k'. lc) 1      f £*&*'.  xOf*^, k)dJl-„ 
* V IfctT(O)   J k 

(10) 

where k and }•.' refer to the directions of incidence and scattering res- 

pectively, and k" is integrated over the sphere | k" \   - k. When the 

potential (7) for U was inserted and the integration performed tbexe resulted 

B. 
-a 3      3 

I 2^ 
21cr(Q)co8(u/2)    1*1   j-1   niJ «ij*li"" 00«a^/2> 

+ tanh -1 h., cos(G/2) 
—^  ). 
*UgJJ " COf8(°/2) 

(11) 

«ij " l * (bi * *j V1*8*" 1 

hlJ • [ (bi - t^w***-)' (g"j -oot»(0/2))Un»(©/2)]1 2 

whioh is in seriaus disagreement with the partial wares values and with 

experiment, as may he seen from Tables II and III. The good agreement 

g 
with experiment obtained previously   must be due   .0 a fortuitous cancel- 

lation of errorsi    For heavy atoms the ecreened-couiomn field is quite 

unsatisfactory and (10), even at U0 kev, is inadequate. 

It is planned to extend the calculations for Uo kev electrons to c ~>r 

atoms with the hope of achieving a sufficiently general theoretloal basis 

tor electros, diffraction studies of the molecular structures  of gases. 

We thank Professor   Verner Schomaker for   wading this paper and for 

m*.k*.ng iiany helpful suggestions. 
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Table III 

V"-.:.ufts of a whos» *?j(0) ••   c^F(0) • f/2 

Voltage, kev Observed "pertial wavee fl2nd Born 

UO 1C.7 +0.6 10.9 7.7 

11 6.6 • 0.6 7.1 3.8 
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IV.    Av "51   X - HATHSMATICAL DETAILS 

The Phases    o,    and   o r 

When oowputinf   o.    It la convenient to split up (6) as fellows* 

% \l •        C(//lv 
Jr, 

roo 

G (r)dr + o [o(r) ~ 00(r)] dr - Ij - I, + !»• 

Here, r,   is sufficiently large so that for   r > r, , &(r) and 0Q(r) 

do not differ by aore than 100.   Than l* raduoas to 

koo 
fc» [v<r)/a(r)]dr. 

rx    «ma evaluated graphic ally and 1} was integrated ounerically using 

Slapson'j rale; Ij, ean be integrated analytically.    1-.   (13) oan ha 

expressed in t*ras of various power expansions and whan 7(r) is given 

by (7)(  the •ollowing expression Is eonvenlantl 

X.     -   -a 2 a.   I        dr ."V/* / £r» -<i • *)*/*• ] 
1-1       JT9 

1/2 

(12) 

(13) 

<*l*. 
•v. 

3 ^«*ft' 

-1 ui " V*+ M1** *"co     <r«V(* + *)>• 

Tor laics valuas of A ( % 25)» it was found that  £1 s f| a rj , so that 

(l?) roduces to 

3 

*        i>l  l ° l (15) 

V~-.v_ 



' 

• 

- 22 

For the samo potential,  (3) becomeu 

3 

$/•-«•£   *4 Q, (1 * * (j~)8)   . (16) 

The £.'• **re computed for 0^ 4^ 10    using the polynomial expansion*,  ' 
~ lU 

for   £ ^   l.'j they v«rs 3'"»luat*d using '.vatson's relation     : 

tycoah? ) - exp[-(4 • -f)( 5- tanh \ )] tech1/2 ^  ro [(* • i)tanh \ ] 

• 0(*-**/i). (17) 

At ji - 10,  (17) gave values in excellent agreement with the exact values 

and therefore its us* vas Justified for higher   i .    When computing the 

pha**s for large   I ( > 25), only the ten for I • 3 is of ingportano* in 

(7).    Since the corresponding  £ is much less than unity,  (17) reduce* 

r»xj nearly to 

so that the     0.'s    and      o.~'e    are in olose agreement. 

Corresponding quantities for the 7 potential (8) can be readily ob~ 
-6r talntd:    Integrals involving a tern,  tf the fora ore w- are obtained by 

differentiating with r*sp*ot to £ the integrals already obtained for terns 

of the fova oar  - (tk* U potential). 

t 
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I 
I. 

The Scattering Amplitudes 

In sunning (l), the convergence of the real part in improved by sub- 

tracting f^(e) as given by its series expansion (2) and adding it a« ob- 

tained by tho integration of (A)»    The integrated expressions are respect- 

ively for U and F 

3 
^(©) -   -2kaaJ     5 a<(b* • a**2)"1 (18) 

i-1 1 

and 

**(«) - -2ka  (jft+nT1 • (2cfr)(#+s2r2] (19) 

By substituting the following asymptotic expressions15 

K/>(x)^(77'/(2x))l/2e-x (20) 

and 

| Ps(cot 6) - q i Bin ©)-* .in [ <* • *)© + { ] < (| 4 9lr. ©)"* (a) 



u* 

into the respective expressions for the reel end the imaginary perts of 

f(9), it was shown that negligible err^.r> would arise from termination of 

the summation at I • 70 for the real part and at I • 100 for the imaginary 

parti for 9 >1°.    For 8 « 0°, P. (cos ft) - 1 and an exaot termination 

correction can be made. 

She P. (cos 8) were obtained from the available tables up to t • 10 

and for 10 < I £100, 1° f  9  * 16°, they were computed from the relation 

P^cos 8)   M9/ain 8)l/2 JjO (*«|) 6^ (22) 

which may be derived from the corresponding asymptotic expressions. 

Equation (22) was satisfactory for K as low as 5 over the whole range of 

9 indicated in Table II. 
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Fig.   1.    Intensity curves for UF6.    "V" visual.   "C" calculated 

for "40" or "11" kev.    Further photographs will be made both at 
40 and 1 1  k*v,   and the visual curves.   (40-V is due to Dr.   Otto 
Bastianscn and 11-V to Felsenfeld and Ibers3) are not to be   regard- 
ed as final. 
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Beryl llur- Boride 

I The formation of boron hydrides by aold hydrolysiu of the product 

OT heating rcagneeium with borle oxide appears to occur in oiailar yield 

if beryllium it used in place of the magnesium,      •« that if the firet 

process involves the magnesium boride Mg28 described in mr Teohnieal 

Beport Wo. 3 (June 15. 1952), the second might well involve a oiailar 

beryllium boride.   However, the beryllium atom is  so email compared to 

the other metal atoms of the MB» eories that the composition BeB» is 

rather unlike*;'.    Accordingly, an attempt to prepare a beryllium boride 

and study its crystal structure seemed desirable. 

Experiments and Jesuits*- A mixture of approximately equal weights 

of commercial powacred boron (99*^5$) and powdeved beryllium (premium 

grade) was heated with a gas-oxygen flama to about 1400° C for several 

minutes in a beryllium oxide crucible under a curreat of helium. 

(Because beryllium is so very toxio, all operations of handling and 

heating were carefully performed In a hood.)    The resulting inhomo- 

geneous mass contained coppery particles, some of which were powdered, 

a«al*d in a thin-wall *oft glass capillary tube about l/k ran in 

disaster, and photographed with nickel-filtered OuKx radiation in a 

8trauman'is-type camera of nominal radius 18/r> cm.    The photograph, 

showing a rethor small number of macro-orystalline lines in addition 

to a complex speotrum of smoother lines, indicated the existence of at 

least two phases.    The macro-crystalline linoa correspond to a face- 

centered cubic unit cell with a   s 4.66 A and their intensities o 

suggested a fluorite type of structure. 
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Photographs of further preparation* (mostly carried out In a 

quarts tube rather than the her/Ilium oxide crucible) lndlc&tsd maximum 

yield of the cubic phase for an Initial atomic ratio BetB between 2:1 

and 1:1, hut closer to 2:1 than 1:1, and shoved that the other lines 

were probably due to one or mere phases with higher beryllium content. 

Attempts to prepare the cubic phase in pure form for reliable deter- 

minations of composition and density were unsuccessful.    The positions 

and intensities of the cubic lines were measured on several of the 

photographs by the methods described for magnesium boride.    Least 

squaras refinement on the sin1"6,.. values then led to the result 

a   m 11.6583 + 0.0017 &; the observed and calculated values of 

•in'Oj^. are given in Table I. 

Structure factors were calculated for a structure with S Be at 

(l/*,l/M/U;3/U,3/U,3/u) • *-C. and U B at 0,0,0 • F.O (the fluo^ite 

positions) using the atomic form factors of James and Brindley. 

The resulting moduli shoved approximate agreement with the observed 

intensities, and the signs, together witjh the observed moduli JF , 

led to the plot of    £(x,x,x) vs x shown in Figure 1.    In addition to tfc* 

expected peaks at 0,0.0 and l/U.l/U.l/U,  there is a peak at 1/2.1/2,1/2 

about one-quarter as high as the main peaks.    This position haw ei.'ht 

beryllium neighbors at a distance of 2*02 A—less, even, than the 

Be-Be single bond distance of Z.lk %—ard cannot  contain a beryllium 

atom.    It therefore appear* that,  in addition to eight beryllium atoms 

and four boron atoms,  the unit cell contains approximately one other 

boron atom randomly distributed among the  four positions 1/2,1/2,1/2 

• F.C.,  giving a composition approximating BetfBK.    The structure 
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•iBaOL 

ODS. 

OS* '"* *htot 

111 0.0C22 

200 .1094 

220 .2292 

Jll .3003 

222 .3269 

400 .W372 

331 .5201 

420 *     .5474 

U22 .6572 

(333» 

(5U) 
.7392 

1*0 ,8765 

531 .9586 
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calc. 

0.0822 

.1095 

.2191 

.3012 

.3286 

.4382 

.5203 

• 5^77 

.6473 

.739^ 

.8764 

OtSO. calc. 
T3 

htefc 

100 57,2 

10 11.6 

5^2 534 

26 28.5 

4 18.4 

374 426 

27 21.6 

7 15.6 

405 332 

31 18.7 

235 274 

.9585 18 17.1 
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factors calculated for this composition are shown vith the observed 

values in Table I;  the reliability factor,    R   •   y      ) Fj^j^ - Pobs.! 

The density and chemical composition are consistent with this 

structure, if allowance is made for the presence of other phases, but 

accordingly do not provide any conclusive evidence on the BegB~ phase. 

The densities of several of the coppery particles, measured by flo- 

tation, ranged from I.96 to 2.20 g./cc; the calculated density for 

five boron and light beryllium atoms in the unit cell is 2.C71 g./co. 

k chemical analysis was made of an 81.2 mg. sample of the coppery 

material as dissolved in concentrated HC1.   Beryllium was first pre- 

cipitated with ammonium hydroxide, filtered off with Whatman 7o. UO 

paper, ignited to oonstant weight, and determined as the oxide.    Than, 

sodium hydroxide was added to the filtrate, the ammonia expelled by 

boiling, bromine added, and the solution boiled again to insure 00c- 

verslc -. of all the boron to bo rate,   fee pH was adjusted to corr«*v>ond 

with a comparison solution containing an approximately equivalent amount 

of boric acid; methyl red was used as the indicator.   Mannitol was added 

and the solution was titrated with standard 0*1 S sodium hydroxide 

to a phenolphthaleln en* point.    The result of the analysis was 

Be • 70.5 atom % 

B - 22*2 atom i» 

The remaining 7>3£ **>• insoluble in the concentrated HOI. and was 

doubtless boron in some fom; the sample therefore probably oontained 

29.3 atom f> B altogether, as compared to 6l.S atom f> beryllium and 

58.5 atom $ boron for BegB,.* Since the powder photographs indicate 
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that other phase* may comprise as mud., a* 30$ of th« coppery material, 

and that these phases are oa the high beryllium side of 3e.3r, the 

reeulte of the analysis are not unreasonable. Direct determlaation 

of the exact composition will require a sample of much higher purity 

than we have so far been able to obtain; and Professor Pol Duwes has 

kindly consented to investigate the possibility of obtaining improved 

samples at ths Jet Propulsion Laboratory. 

Discussion. - The tentative structure, of approximate composition 

Be_B , is truly an interesting and surprising one. The following 

remarks may help to lend it credibility. 

Of the many metallic borides which have been studied, the great 

majority contain boron frameworks of some jort, such as chains, hex- 

agonal nets, or three dimensional networks of joined octahedra. The 

boron-boron bonds in these borides have lengths in the range 1.7-1.8 A* 

and would appear to be strong compared to the boron-metal and metal- 

aetal bonds. Moreover, a given Btruoture type is stable over a 

rather wide range of different metal atoms, as for example in the 

MBS series. Presumably, it la the ability of boron to form the frame- 

works in these compounds which is chiefly responsible for their 

formation and stability. 

Beryllium carbide, SeaC, has been studied-' and found to have ths 

fluorite structure. We may, therefore, consider the structure of BegB 

to be a compromise between a tendency for beryllium to adopt the 

fluorite arrangement in these structures and the tendency for boron 

to form some sort of network containing boron-boron bonds. This, 

boron does in the proposed *eaBr structure, but not 1& the related 

idea] fluorite arrangement. 

<•*« 
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Also, It must  ne noted, Bo_B^, i.i contrast to Be^, ban almost 

identically the saote number of valence olectrons per unit col? ae 

Beg(Vt and this may be significant. 



Oh* 

3 
M o 

<r. 

Copper Bo.riAs 

Our work on azgneaium boride led also to an interest in Marsden's 

rt of a oopper boride Cvi3B?.     Marsden neatod a mixture of amorphous 

boron and metallic oopper In a porcelain crucible for 3 - *• hours to 

a temperature above the melting point of oopper.    The brittle, yellowish 

product resembled iron pyrites in appearance, and, by qualitative 

amlyeis, contained oopper, silicon, and boron; the density was 8.116 

g/cc.      Quantitative analysis for copper and silicon, together with 

the assumption that the sample was a mixture of eillca and a copper 

boride, tb»n led to the fonaula Cu3Sa. 

Our attempt t" prepare this boride was carried out in a similar 

manner, a current of helium being parsed over the aample during the 

heating period.    In addition to unreacted copper and boron, the pro- 

duct contained small particles of a brittle, silvery substance, of 

density about 8 g./oo. 

X-ray powder photographs, prepared froa a crushed sample of the 

substance, turned out to be identical with photographs obtained later 

froa a sample of the oopper sllieide Ou8Sl.    It was noticed that on 

$t jading in air fragments of the substance changed until they had the 

appearance of pyrltn.    The powder, \txmo. heated to 100° C for a short 

time in the presence of air, also developed this yellow color. 

The X-ray photographs and the similarities in preparation and 

properties of our sample to Marsden's CujBa,  together with the failure 
K 6 

of other attempts to prepare a copper boride,J%    seem to indicate 
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that bcth preparations are actually copper siliolde, poaa.'bly 

containing a small amount of boron.    The source of tllloon in the 

preparation* i* without doubt the porcelain crucible. 

Additional attempts using tho eleotrlo arc furnace of the 

Jet Propulsion Laboratory vere unsuccessful, and it  seems that no 

oopper borl&e can be formed by a direct union of the two elements. 

i 

- 
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